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Develoment of Inductive Storage
Pujsod Power Generators

R.3. Commisso, J-1. Boller, C. Cooperstein,
R.D. Ford, P.4. Goodrich, D.D. Hinshelwood,"

0.J. Jenkins, J.C. Kellogg, V.1. Lupton%
J.D. Shipman, Jr.", and 5.V. Veber*

Naval Research Laboratory
Vashington, DC

USA

ABSTRACT 100-ns full vidth at half maximum (FVHM). A
A pulse generator, Pawn, has been assembled at factor of a 14 voltage gain over the initial,

the Naval Research Laboratory. It employs 25-kV bank voltage was achieved.
inductive energy storage and opening switch power
conditioning techniques together with high energy in Sec. :1 a description of ne Pawn
density capacitors as the primary energy store. device and a discussion of its eettr:clS
The capacitor bank stores 1 NJ at &. kV. The operation are presented. Results demonstratingenergy stored in the capacitor bank is transferred the fuse performance are discussed in Sec. III.e- to a vacuum storage inductor in 20 us. Vire fuses In Sec. IV, preliminary, non-optimizod results in

proviae the first stage of pulse compression. which a fuse driven FEDS wa coupled to an e-beam
Further pulse compression is obtained from a diode are reviewed. The work is summarized in
plasma erosion opening switch. Sec. V.

Initial results are encouraging. Nearly
0.1 TV of electrical power was delivered to an I. System Description
electron-beam diode load in a lO0-ns FWHM pulse. The system components are identified in
A peak voltage at the load of a 350 kV represents The pyseg comp re acapacitor
a factor of a 14 voltage gain over the initial, Fig. . The pulse generator comprises a capactor
25-kV bank voltage. bank, a vacum coaxal inductor attached to the

capacitor bank via parallel plates, a low voltage
vacuum feedtnrough (not shown), a fuse array

I. Introduction contained within a pressurized gas enclosure, a
vacuum flashover closing switch that can be

Inductive energy storage in combination command or self-triggered, a vacuum opening switch
with opening switch power conditioning techniques (PEOS), and an e-beam diode load. The capaci:or

offers several attractive features tor pulsed bank is divided into four submodels, each

power applications when compared with containing five, 52-uf capacitors connected in
conventional, capacitive technology /1-3/. These parallel in a low inductance (x 70 nH)
advantages include compactness and low cost of the configuration. At the maximum rated charge
primary energy store. Also, because the voltage voltage of a 44 kV, one capacitor stores = 50 ki.

is high only during the last stages of the power Each submodel is connected to the common parallel
conditioning sequence, some complexities plate transmission line in series with an a 14-mg.
associated vith high voltage, such a" oil stainless steel safety resistor and a high energy,
insulated Marx banks, water filled pulse forming pressurized, railgap switch. The coaxial energy
lines, and power limiting interfaces, are storage inductor is made of aluminum tubing with
eliminated. The technical difficulty has always welded flanges and connects to a load coupling
been obtaining the required power conditioning for tee.* This tee section provides mounting
practical, pulsed power applications, i.e., surfaces !or connecting two coaxial fuse
obtaining ) 1-TV, < 100-ns pulses. Vith inductive enclosures and the coaxial output assemoly. The
storage, the power conditioning must be assembly as shown in Fig. 1 contains the vacuum
accomplished by a sequence of opening switches flashover switch (VFS), the vacuum opening svitcn

electrically in parallel with each other and the (PEOS), and the *-beam load. The latter two
load. Each successive switch opens faster, components were replaced by an electrolyic
resulting in higher and higher voltage. The resistor when testing the fuse opening switch
challenge is to understand the physics governing stage alone. The diagnostics consisted of a
the opening switch behavior well enough to design Rogovski coil.to measure the capacitor bank

a system for which the interaction between the current, two B probes in the vacuum inductive

system components produces the desired power store region, four B ;robes in the fuse tee vacuum

pulse.

An experimental, inductive storage, pulsed
power generator,*Pawn- /4-5/. has been assembled
at the Naval Research Laboratory (NIL) using a .. '

newly developed low voltage, compact capacitor -

bank /6/ as the primary store (1 NJ at 44 kV).
The nominal 20-us current pulse available from the ___

discharge of this bank energizes the vacuum ,s -
storage inductance. Vire fuses /1,3-5,7/ provide L_, : -1, ,
the first stage of pulse compression. Further ' |' ,,
pulse compression is obtained from a plasma ,-,-
erosion opening switch (PEOS) /8-11/. ..

Preliminary results are encouraging.
Nearly 0.1 TV of electrical power was delivered to rlqure 1. Schematic ii usrat.io of Pawn
an electron-beam (i-beam) diode load in a pulse of Sytsem.

Mamript approved November 23, 1987.
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reglon- (2 ltr *&A pacvrqgol. two i prft~s Oviveen A~M~ :v;Stvo laleaus state ues~rec ;ofra; a
the VPS and PEbS. four A pjobes on the capacitor transfer of current. As discussed in several ot
side of the PZOS and four Iprobes on the load the references (e.g.. 1. 2. 4. 5. 7) for a given
aide of the ?COS. A resistive voltage divider was fime to fuse vaporization there exists a value of
used to measure the fuse voltage. For experiments the fuse energy density (dissipated energy per
with diodes, an inductive voltmeter provided a unit volume oI fuse) for which the required
direct mteaurement of the load voltage, current transfer Is achieved. Therefore, the fuse

Site and system parameters oust be matched for
A scheisatic diagram of the equivalent optimum performance. I.e.,* fastest current

electrical circuit for Pawn Is shown in fig. 2. transfer or. equivalently, highest voltage.
The total bank capacitance. represented by C, is
1026 vF. The series resistance. I a 4. m., is The performance of the capacitor bank and
made up of R , the internal resislance of the fuse stage with a triggered VrS is illustrated in
capacitors X switches (S ) and the parallel Fig. 3. These data were obtained with a capacitor
safety resistors (a 3.6 all3, plus I the Skin bank voltage of 40 kV (800 kJ stored energy), a
resistance of the conductors asaocifilU ith the 43-RU output Inductance. and ant 1l-mg electrolytic
transmission plate and coaxial inductor. The resistor In place of the next stage opening switch
Internal inductance of the bak !, ncludes the of Fig. 2. Each of the two fuse packages

swithesand ranmis i plteso is estimated consisted of 86 parallel copper wires, each 50-cm
to be a 60 adl. The calculated Inductance of the long. The time-dependent load current has a 10-90
coaxial storage inductor is L.,.. a 70 nil, The risetime of 0.9 us and peaks at 1.4 MA. This
parallel leg of the circuit re"AYrlents the fuse represents a pulse compression ratio (energizing
assemibly with Inductance i and a variable time for inductor with no fuse/risecime of current

resstr t~,Ct smb lzn h im-eedn into l1oad) of a 20. The 200 kV peak fuse voltage
resistnce of the fuse. The calculated inductance rera nsavlaegi, eie stertooof a single fuse assesoly for a 25-ce long fuse is peak voltage across the !use to the initial

La70 nAd. This value becomes 35 nAM vhen a capacitor voltage, of 5.
shcond Identical fuse assembly is connected at the
too section. . 1 1 1 120

Its LSTOOC L-0 jFUSE VOTG 1S
IS. ~VFS 20I-

L,16

£,tltl) NEXT VC 9I v-40
STAGE~ Ilio.43n LOAD>

- OPENSICNG 1 10-90 TIME.900ns -120fil - -% SWICH .5

13 ZU

S4 - ItAtLGAP SWITCHIES LOAD -.. O
VVS - VA_-Ut;M FLASHOVER SWATCH CURRENT

rigure 2. gqiiivalen% circuit for Pawn System.
20

The capacitor bank is Initially charged to a 0 -01
voltage of 20 - 44 M kV. han it is discharged by 0 5 10 IS 20 25 30 35 40 45
closure of the railgap switches it produces a TIME (A-0
quasi -sinusoidal pulse of current 11,(t) in the Figure 3. Data ohz:-d at 40 kcV e.'%arqt usin;
storage Inductor and fuse array. J(,st before the An )-ildy ods4aticee a.ufuse opens the VP'S is closed. The voltage pulse 1ms=ylod&.atrqoevc*u-
resulting from the increasing fuse resistance then '!&shover output switch.
transfers current I (t) from the fuse into the The excellent fuse reproducibility isouput loop of the ctrcuit. The output loop is illustrated in Fig. 4. which is a trix-shot overlay
shown In the circuit as an inductance L in series of the measured fuse voltage as a function o!with an arbitrary element representing I fast tim. e standard deviation in peak !use voltage
opening switch In parallel vith a load, or an zan in tim-to-peak is < 12.
electrolytic resistor.

III. Characterization of fuse Operation IV. Fuse Driven PEaS Experiment
The PEOS is a fast, high power, vacuum

The first stage of pulse compression is opening switch /6-11/, It consists of plasmachieved using wire fuses. Development work for sources that inject a flowing plasma through anthe fuse and fuse package used on Pawn 15aryo esIt h rgo ewe h ne
dieri *rci elsehr 65. e fuse s aor nn-y and outer conductors (see Fig. 1) filling the

liner rsistve ircut eemen. A mer enrgy annular region over a limited axial length
is dissipated in the fore of joule heating of the (w 10cm). The plasma sources are fired several
fuse wires, the fuse undergoes a phase change from microsecondsbefore the VP'S is closed so that when
solid to liquid to gas, with an accompanying th0 F lssteFD sl~stecbs ~dincrease in its resistance. The balance of energy from the system. The PEOS must conduct longdissipated in the fuse is crucial. Too much Ienough to allow transfer of current out of the
dissipated enery drives the fuse into a very lw fuse stage and then open, generating sufficient
resistance plasma. This may result in a breakdown voltage to drive electron emission in diode. which
condition prehibiting any further current transfer is initially an open circuit.
or a restrike upon further voltage amplificat ion
in the pewer conditioning sequence. If too little
energy is dissipated, the fuse never reaches the

.r '-ae



[ s,,IsI o-z,. .- P W

Va. .2.5.v 0 PAWN 0.v>
<V; 1 112 kV SHOT24>

Z oq.-o 4k s e .O 0.3Z

UJ
o zo 0.2- 0.2I ,

0ICa 0 .12

Tot(s10 r5 sa 725ps 14 . 04
wh-ch ., 3  '1o0 lT25k, :......V 1L:tiguse 4. overlay of six consecutve fuse I

voltage records illustratin fuse 0 0] . ......

repzudueiility. I.
Detailed operation *f the PEOS can , 0-_. P "L ' EL "

found elsevhere (of S-il and references therein). -= I 0-'ariefly, th pla.,ma is injected into the ,,,itchregion ,.vera -,croseconds before the voltage g 4---
cathode v 'ith VF$. AS long asl the PEOS current o
remins below rdcel value, hchdepends
n only the plasa paeers . a.d svitch geometry. - Z 2 .: 0

the plasma.acts.a a -god ond ,eor. The, ,,,
cnduction occurs through a non-neutral region, -j , t
ca lled a ,heth or gap, at the cathode in a * L z
bipular space-charge-limited fasion I81 with the 0 *
electron cOmlponent emanating from the cathode and Q" 0 0
the ion component provided by the injected plasma. 17.0 .2 .4 .6 .8 18.0 2 4 6 .8
Whens the swtch curent becoes high enough toat TM js
the bipolaur space-charge condition cannot beTIE(s
satisfied by the ions from the injected plsma, goS.ZL a s J o ee:nns
the gap widens, providing more ions. This is 9e . Znta rsuc ofxpinns
caled the erosion phase. When the switch current using a fuse driven PEOS coupled o an e-bean
increases to the point "here the average electron diode.

Lamer radius is comparable vith the gap size, the
electron lifetme in the gap increases and as a
result the space-charge condition is mdified in conditioning techniques has been assembled at NKRL
mach a way that ewen oe ions are required. This and is now operational. Initial. non-opt:mized
is ca lle the enhanced erosion phase and it is results vith the PE0S are encouraging. Nearly
dusring this phase tht the gap videns very 0.1 TV of electrica l pwer iS delivered to an
quickly. A high voltage is generated across the electron beam diode in a ( 100-as PVU pulse. The
gap and a substantial fraction of current is peak diode voltage is u 350 kV, a factor of * 1
diverted to the load. The switch is totally open voltage gain over the initial, 25-ky bank voltage.
when the aentic insulation phase is rached. Work is now underway to improve this performance.
This occurs at a value of current for which the
average electron Larmor radius is less than the AC]b0VLEEENTS
gap size and all the current reaches the load.

The authors gratefully acknowledge the expert
technical assistance of E. Featherstone, R.

Suinarizd in Fig. s are preliminary Fisher, F. Hollis, K. Lanhaa and .1. iacwaue:.

results from an experiment in which a f use driven Thswr a-upre"i atb h ees
by the capcitor bank charged to 25 kV transferred Nuclea Agyor andupotd pa the Ofieo aa eea e
current intO a P OS that, in turn, was coupled to NcerAec n h |ioo aa eerh '
a e-bemm diode. Plotted as a function of tim .aycor, Vinn, A
are the lod voltage, V , current. I power, P, in, .
ad energy, L,. The zelo of time cohresponds o **Sachs/Freman, Landover, MD.
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